The third edition of the *Handbook of Proteolytic Enzymes* aims to be a comprehensive reference work for the enzymes that cleave proteins and peptides, and contains over 800 chapters. Each chapter is organized into sections describing the name and history, activity and specificity, structural chemistry, preparation, biological aspects, and distinguishing features for a specific peptidase. The subject of Chapter 500 is Arterivirus nsp2 Cysteine Proteinase.
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![](u497-03-9780123822192.gif) **Prof. Alexander E. Gorbalenya** was trained in genetics at Novosibirsk State University, Russia, and moved on to complete a PhD study in virus biochemistry at Institute of Poliomyelitis and Viral Encephalitides, Moscow, in 1984. During those years he made two discoveries that have had a lasting impact on his research interests. In 1979, he identified a prototype for 3C picornains, the first replicative proteinase of RNA viruses to be discovered, and soon afterwards he realised the immense power of comparative sequence analysis for understanding viruses. Subsequently he has been involved in the discovery and characterization of major groups of RNA virus proteases, resulting in collaboration with many fine researchers. After tenure in Novosibirsk and Moscow, Alexander Gorbalenya worked at the National Cancer Institute, Frederick, USA, and in 2001, he joined Leiden University Medical Center, the Netherlands. Currently he is the Leiden University Fund Professor of Applied Bioinformatics in Virology and a Professor at the Faculty of Bioengineering and Bioinformatics, Moscow State University, Russia. Since 2011 he is Vice-President of the Executive Committee of the International Committee for Taxonomy of Viruses to which he was first elected in 2005. The research of Alexander Gorbalenya has been documented in more than 160 peer-reviewed original publications and reviews, as well as book chapters written in the English and Russian languages.

Databanks {#s0015}
=========

*MEROPS name*: equine arteritis virus papain-like peptidase 2-type cysteine peptidase

*MEROPS classification*: clan unassigned, family [C33](http://merops.sanger.ac.uk/cgi-bin/merops.cgi?id=C33), peptidase [C33.001](http://merops.sanger.ac.uk/cgi-bin/merops.cgi?id=C33.001)

[*Species distribution*](http://merops.sanger.ac.uk/cgi-bin/merops.cgi?id=C33.001;action=sequences): known only from equine arteritis virus

*Reference sequence from*: equine arteritis virus (UniProt: [P19811](http://www.uniprot.org/uniprot/P19811))

Name and History {#s0020}
================

The family *Arteriviridae* currently includes the genetically distinct members equine arteritis virus (EAV; the family prototype), porcine reproductive and respiratory syndrome virus genotypes I and II (PRRSV-I and PRRSV-II), lactate dehydrogenase-elevating virus (LDV), and simian hemorrhagic fever virus (SHFV) [@bib1]. EAV is the best-characterized arterivirus, although recent studies have increasingly been focused on PRRSV due to its economic importance. Arteriviruses are enveloped, positive-strand RNA viruses that contain a polycistronic genome (12--15 kb) [@bib2], [@bib3], [@bib4], [@bib5]. Their replicase proteins are expressed from the open reading frames (ORFs) 1a and 1b that encode two large precursor proteins: the ORF1a-encoded polyprotein pp1a (187--260 kDa) and, following ribosomal frameshifting, the ORF1ab-encoded protein pp1ab (345--422 kDa). Both precursors are processed extensively by three or four ORF1a-encoded endopeptidases into at least 13 mature nonstructural proteins (nsps) [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16]. The arterivirus proteinases and proteolytic pathways may be compared with those of the related coronaviruses (see Chapters 494 and 546Chapter 494Chapter 546) and roniviruses, which also belong to the order *Nidovirales*, even though the genomes of members of the latter groups are at least twice larger than those of arteriviruses [@bib13], [@bib17].

The ***papain-like proteinase 2*** (***PLP2***) in nsp2, originally called ***nsp2 CP*** (for ***cysteine proteinase of nsp2***), is the most C-terminally located member of an array of three (four in SHFV) cysteine proteinase domains that has been identified in the N-terminal 400--800 residues of the arterivirus pp1a/pp1ab (see also Chapters 495 and 496Chapter 495Chapter 496) and it is highly conserved among arteriviruses ([Figure 497.1](#f0010){ref-type="fig"} ). Its name derives from limited sequence similarity to the active site residues of peptidase clan CA papain-fold enzymes and the relative position of this proteinase in pp1a/pp1ab with respect to upstream PLPs (PLP1α and PLP1β; chapters 495 and 496chapter 495chapter 496, respectively). The PLP2 domain was originally identified in nsp2 by bioinformatics and subsequently its activity was verified experimentally for EAV [@bib8], followed by a more recent study on the PRRSV-II PLP2 [@bib18]. The EAV nsp2 N-terminus (pp1a/pp1ab residue Gly261; here and hereafter polyprotein numbering will be used), is liberated by the rapid action of the upstream papain-like cysteine proteinase PLP1β (Chapter 496) [@bib6]. Subsequently, PLP2 mediates the cleavage of the nsp2 C-terminus (the nsp2↓nsp3 site) to generate a 61 kDa cleavage product [@bib7], [@bib8]. Similarly, the PRRSV-II PLP2 mediates cleavage of the nsp2↓nsp3 site and, for both proteinases, mutation of either of the putative catalytic Cys and His residues (EAV: Cys270/His332; PRRSV-II (strain VR-2332): Cys437/His506) completely abolished PLP2 activity [@bib8], [@bib18].Figure 497.1Multiple alignment of the PLP2 domains of arteriviruses. Shown is a most sequence conserved portion (core) of the PLP2 domain of five arteriviruses: porcine reproductive and respiratory syndrome virus type I and type II (PRRSV1 and PRRSV2, respectively), lactate dehydrogenase-elevating virus (LDV), simian hemorrhagic fever virus (SHFV) and equine arteritis virus (EAV). The alignment was produced with Muscle [@bib37] using the Viralis platform [@bib38] and was prepared for publication with Jalview 2.6.1 [@bib39]. The catalytic Cys and His residues of the PLP2 domain are marked with red \#, and conserved Cys residues implicated in Zn-binding with blue \*. Conserved and identical residues in all viruses are colored according to Clustal scheme [@bib40] using Jalview 2.6.1. In all arteriviruses the PLP2 protease domain extends downstream of the core and may include functionally important residues. In nsp2 of all arteriviruses except LDV the core domain is flanked by one (EAV) or more residues from the N-terminus. GenBank and/or RefSeq accession numbers of respective virus genome sequences are presented next to the virus acronyms.

Activity and Specificity {#s0025}
========================

The activity of the EAV and PRRSV PLP2s in cleaving the nsp2↓nsp3 site of the replicase polyproteins has been analyzed *in vivo* in infected cells and using eukaryotic expression systems [@bib7], [@bib8], [@bib18]. The EAV PLP2 cleaves rapidly and probably *in cis*. However, *trans*-cleavage activity was demonstrated in a eukaryotic expression system, albeit with relatively low efficiency [@bib8]. Also for PLP2 of PRRSV-II (strain VR-2332) both *cis*- and *trans*-cleavage activity was demonstrated, and single point mutations of a number of conserved residues in the proteinase domain (*i.e*. Gly438Ala, Asp467Asn, Trp468Gly, Asp471Asn, or Asp471Glu) reduced *trans*- but not *cis*-cleavage efficiency to different extents [@bib18]. Additionally, both EAV and PRRSV PLP2 can remove ubiquitin (Ub) as well as interferon-stimulated gene 15 (ISG15) moieties from different substrates when expressed in mammalian cells [@bib19]. *In vitro* assays showed that PRRSV PLP2 purified from cell lysates can cleave K48-linked polyubiquitin chains [@bib20], while EAV nsp2 PLP2 purified from *E. coli* can cleave both K48- and K63-linked polyubiquitin chains, as well as a linear ubiquitin substrate *in vitro* [@bib21].

The substrate specificity of PLP2 is yet to be defined unequivocally. Originally, the cleavage site was tentatively mapped to the bond between two Gly residues conserved in pp1a/pp1ab of arteriviruses [@bib8], [@bib13]. Subsequently, when the deubiquitinating (DUB) activity of PLP2 was demonstrated [@bib19], [@bib20], [@bib21] it became more likely that the enzyme's substrate specificity fits the conserved profile of DUBs, implying that PLP2 would cleave downstream rather than upstream of the second Gly [@bib22]. In EAV, cleavage would thus occur at the Gly831-Gly832↓Trp833 sequence, and for PRRSV strain VR-2332 at the Gly1578-Gly1579↓Gly1580 triple Gly motif [@bib23]. Mutagenesis of the putative P2 residue in EAV (Gly831Pro), and the P1 and P2 residues in PRRSV (Gly1578 or Gly1579 to Ser) abolished processing of the nsp2↓nsp3 site [@bib9], [@bib18], in accordance with the requirement for Gly residues at the P1 and P2 position of the cleavage site that is typical of DUBs. In addition, several C-terminally truncated versions of nsp2 were detected in MARC-145 cells infected with PRRSV [@bib24], but it remains unclear whether these truncations result from PLP2 autoproteolytic activity or cleavage by a host enzyme. In one particular Vero cell sub-line, EAV nsp2 was also described to be cleaved internally downstream of the PLP2 domain, probably by a host-encoded proteinase [@bib25].

Both large and small deletions in the hydrophilic portion of the region of nsp2, which separates the PLP2 domain and its cleavage site, were found to interfere with cleavage of the EAV nsp2↓nsp3 site [@bib8]. In PRRSV nsp2 the corresponding area is much larger and, in contrast with EAV, large portions of it could be removed or replaced with reporter protein-tags such as GFP or c-myc without affecting the efficiency of polyprotein cleavage or virus viability [@bib18], [@bib26]. Replacement of members of a cluster of conserved Cys residues in the C-terminal domain of EAV nsp2 (Cys650, Cys653, Cys657, Cys683, and Cys703) negatively influenced processing of the nsp2↓nsp3 site (Wannee, Snijder & Kikkert, unpublished), and thereby blocked the so-called 'major pathway' for cleavage of EAV replicase polyproteins (see also *Biological Aspects* below) [@bib12]. The association of nsp2 with membranes and its documented interaction with nsp3 (see below) may also modulate the proteolytic activity of PLP2.

Structural Chemistry {#s0030}
====================

The protease's estimated size, based on comparative sequence analyses ([Figure 500.1](#f0010){ref-type="fig"}) and site-directed mutagenesis, is around 135 residues. PLP2 of LDV and EAV was mapped to the very N-terminal domain of nsp2 [@bib8]. On the other hand, comparative sequence analysis predicts that in SHFV, PRRSV-I and PRRSV-II the conserved PLP2 domain is separated from the N-terminus by a hinge region of variable (virus-specific) size, which was verified for PRRSV-II strain VR-2332 [@bib18]. The size of nsp2 ranges from 572 residues in EAV to 1196 residues in PRRSV and it also includes other conserved and variable domains that remain to be characterized. PLP2 is highly conserved among arteriviruses but has only local similarity with viral papain-like proteases [@bib8]. It is instructive to compare it with the PLPα and PLP1β proteinases that are encoded in the nsp1 region of arteriviruses (see Chapters 495 and 496Chapter 495Chapter 496). Unlike the latter two enzymes, PLP2 cleaves quite far downstream (\~500 residues in EAV, \~1100 residues in PRRSV) of its C-terminal border ([Fig. 500.1](#f0010){ref-type="fig"}) and furthermore the catalytic Cys is flanked by Gly, and not by a bulky, hydrophobic residue, which is also found at this position in family C1 peptidases of clan CA (see Chapters 404 and 419Chapter 404Chapter 419). The replacement of Gly271 by Trp completely abolished EAV PLP2 activity towards the nsp2↓nsp3 site [@bib8]. Among the conserved residues in arterivirus PLP2 domains are a number of acidic and Cys residues. Although the replacement of the acidic residues in EAV nsp2 (Asp291, Asp295, Asp296 and Glu297) did not influence PLP2 activity, the substitution of the conserved Cys residues ([Figure 500.1](#f0010){ref-type="fig"}), which may form a zinc-binding site, abolished (Cys319, Cys349 and Cys354) or reduced (Cys356) processing of the nsp2↓nsp3 site [@bib8].

Preparation {#s0035}
===========

The PLP2 domain from EAV nsp2 (residues 261--427) can be purified for *in vitro* studies by cloning it downstream of a maltose binding protein (MBP)-tag in a pMalT vector. After transformation of *E. coli* (BL21 strain) with this plasmid, expression is induced using 1 mM IPTG and after cell lysis protein was bound to amylose resin. Elution is performed with 10 mM maltose, and protein samples are stored at −80°C at \~1 mg/ml protein concentrations. This protein was soluble and active in DUB assays; however, removal of the MBP-tag caused immediate aggregation and loss of activity (Kikkert & Snijder, unpublished data).

Biological Aspects {#s0040}
==================

The PLP2 is an arterivirus accessory proteinase that assists the nsp4 main proteinase (see Chapter 691) in the proteolytic maturation of the replicase polyproteins and the formation of the replication/transcription complex [@bib13]. Cleavage of the nsp2↓nsp3 junction modulates processing of the downstream part of pp1a and pp1ab, which is carried out by the arterivirus serine proteinase (see Chapter 691) [@bib9], [@bib12]. Only in the presence of nsp2 in pp1a when this proteinase cleaves the nsp2↓nsp3 junction, the nsp4 proteinase can cleave the nsp4↓nsp5 site at its C-terminus, which initiates the so-called 'major processing pathway'. In truncated pp1a lacking nsp2 the nsp4↓nsp5 site is not cleaved, but the nsp5↓nsp6 and nsp6↓nsp7 sites are cleaved instead ('minor processing pathway') [@bib12].

Arterivirus nsp2 and the downstream nsp3 are membrane-associated proteins [@bib27] that are involved in the modification of endoplasmic reticulum into a network of membrane structures that are presumed to support viral RNA synthesis. Interaction between nsp2 and nsp3 appear to be required for the formation of the typical double-membrane vesicles that are part of this network, although, at least in BHK-21 cells, cleavage of the nsp2↓nsp3 site by PLP2 is not required for this function [@bib25], [@bib28], [@bib29].

After its release, through its PLP2 domain, nsp2 may also engage in non-replicative functions. Arterivirus PLP2 domains were shown to suppress several antiviral innate immunity signaling pathways [@bib19], [@bib20], [@bib21], [@bib30], by virtue of their deubiquitinating and de-ISG15ylating activities. Deubiquitination of signal-transducing factors like IκBα [@bib20], RIG-I [@bib21], or other innate immune factors that are subject to ubiquitination likely interrupts signal transduction towards an antiviral state during the early stages of infection. Together with the two upstream proteinases in the arterivirus replicase polyprotein, PLP1α and PLP1β (see Chapters 495 and 496Chapter 495Chapter 496), PLP2 seems to be an important immuno-modulatory protein [@bib31]. A similar function was proposed for coronavirus PLPro domains, which are also deubiquitinating enzymes although they belong to a different ubiquitin-specific proteinase class (see Chapter 494).

Distinguishing Features {#s0045}
=======================

The arterivirus PLP2 is a small cysteine proteinase with a conserved substrate specificity that is produced as part of a larger multi-domain protein. It might have a highly deviant form of the papain-like fold (clan CA), and was suggested to belong to the OTU domain-containing deubiquitinating proteinase superfamily. Its activity is essential for proper proteolytic processing of the arterivirus replicase polyproteins and, additionally, it is associated with the evasion of innate immune responses, by modification of regulatory ubiquitination steps in the signal transduction pathways of this response.

Rabbit antisera against EAV nsp2 have been raised using an N-terminal peptide, a combination of two C-terminal peptides, and a protein fragment encompassing the PLP2 domain purified from *E. coli*. These are available from the authors for research purposes on request.

Related Peptidases {#s0050}
==================

In evolutionary terms PLP2 is far separated from other papain-like peptidases. Because of their immediate proximity in pp1a/pp1ab of arteriviruses, it is tempting to speculate that PLP1α, PLP1β and PLP2 are the closest parologs. A local statistically non-significant sequence similarity with PLP2s was used to assign the proteolytic activity to a protein family named after the ovarian tumor (OTU) gene product of *Drosophila Melanogaster* [@bib32]. Subsequently, the OTU family was found to include DUBs [@bib33], [@bib34], which in turn led to the discovery of the DUB activity in PLP2. Because of these developments, it is now common to treat arterivirus PLP2, as well as another papain-like proteinase of the negative-stranded RNA virus genus *Nairovirus* of the family *Bunyaviridae,* as viral OTU-like proteins [@bib19], [@bib35], [@bib36] (see also Chapter 499). Still, the evolutionary basis for this link remains uncertain and limited sequence conservation between PLP2s and another DUB family, Ub-C-terminal hydrolases, was also noted [@bib13].
